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Chairperson: Kerry R. Foresman
The relative abundance o f metamorphosed and larval long-toed salamanders 
(Ambystoma macrodactylum) in northwestern Montana was compared among forest 
stands that were intact (CO) with those that were harvested with new forestry (NF) or 
overstory removal (OR) tim ber harvest techniques. Metamorphosed salamanders were 
captured using pitfall arrays and larvae were sampled with dip-nets from ephemeral 
ponds. Conditions o f the terrestrial and aquatic habitats were measured to postulate 
mechanisms behind possible treatment effects. Transformed, terrestrial salamanders 
were grouped into age classes based on developmental patterns of the dorsal stripe. OR 
and NF treatments had significantly reduced the abundance of salamanders to 
approximately 25% o f CO. OR and NF were equally detrimental to the populations o f 
metamorphosed salamanders.
Those salamanders that did survive on OR or NF were larger on average than those on 
CO plots. Reduction o f cool, wet microsites on OR and NF (as evident by significantly 
higher soil temperatures and soil compaction), led to greater risk o f dessication and 
probably lowered survivorship on those sites. Larger salamanders probably could better 
cope with the dessicating conditions because o f their greater volume:surface area ratio. 
Larval salamanders were most abundant in ponds where a fraction o f the pond margin 
was harvested but lower in ponds that were either completely harvested or intact. No 
clear mechanism explained this trend. However, salamander larvae were more abundant 
in smaller ponds where the diversity o f invertebrate predators and competitors was the 
lowest and they probably benefitted from reduced competition and predation.
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Timber Harvest Effects on Metamorphosed and Larval Long-toed 
Salamanders (Ambystoma macrodactylum)
Introduction
Many researchers have documented that terrestrial salamanders exhibit lower 
abundance in forest stands that have been subjected to recent timber harvest. The Larch 
Mountain salamander {Plethodon larselli) was found to be adversely impacted by 
clearcutting (Herrington and Larsen, 1985). Ash (1988) reported that the relative 
abundance o f P. jordani in clearcut plots was reduced to 40% o f the abundance of 
forested plots after one year. After four years, P. jordani appeared to have disappeared 
entirely from the harvested plots as did the slimy salamander (P. glutinosus) (Ash, 1988). 
Bury and Com (1988) found that abundances o f  Oregon ensatinas {Ensatina 
eschscholtzi), rough-skinned newts ( Taricha granulosa), and Northwestern salamanders 
{Ambysioma gracile) were markedly lower in clearcut stands than in young regenerated 
stands o f Douglas-fir (Pseudotsuga menziesii) in the Pacific Northwest. Populations o f 
pJethodonts and desmognathine salamanders were reduced to 20-25% of their former 
numbers after clearcutting in the Southern Appalachians (Petranka et al., 1993). Dupuis 
et al, (1995) found that clearcutting 5-72 years ago reduced a salamander community o f 
western red-backed salamander (P. VehiculumJ, E. escholtzii, A. gracile, and the clouded 
salamander (Aneides ferreus) to 30% of what they were in old-growth forests at least 330
years old. The number of species did not differ significantly between old growth and 
clearcut stands. Additionally, Olympic salamanders (Rhyacotriton olym picus\ Del Norte 
salamanders {Plethodon elongatus)^ Oregon slender salamanders {Batrachoseps wrighti), 
and flat woods salamanders {Ambystoma cingulatum) are more abundant on old-growth 
forests than younger, managed forest stands (Carey, 1989, Welsh, 1990, Means et al., 
1996). In contrast, Pough et al. (1987) reported that small-scale modification (e.g. 
firewood collection) did not significantly affect red-spotted newts {Notophthalmus 
viridescensy and red-backed salamanders {P. cinereus)^ but larger scale clearcut 
operations reduced P. cinereus populations.
Logging impacts upon the terrestrial phase of semi-aquatic salamander 
populations thus are well documented, but little is known about timber harvest affects on 
the aquatic phase o f semi-aquatic species. Information about poorly known life-history 
requirements will be important in helping to make wise management decisions (Bury and 
Com, 1988). McWilliams and Bachman (1988) call for preserving breeding ponds to 
ensure population viability o f small-mouthed salamanders {A. texcanum \ but few authors 
describe how larval salamanders are affected by timber practices. An elasticity analysis 
performed on a generalized Ambystoma life cycle, pooled and averaged from the 
literature (McGraw, unpub. data), revealed that the aquatic phases (i.e. eggs and larvae) 
are the most sensitive to proportional changes in the transition probability of egg to larva 
and larva to metamorph (Table 1). Thus, it is important that the relationship between 
timber harvest and these aquatic life-histoiy stages be understood.
The biphasic nature o f  semi-aquatic salamander life-cycles, i.e. aquatic larval
stage and terrestrial adult stage, can potentially satisfy both criteria included in the 
National Forest Management Act o f 1976. According to Harfenist (as cited in Stebbins 
and Cohen, 1995, pg 239), amphibians are considered ' ...useful indicator species for 
measuring If le effects o f local changes in environmental studies...". Since timber harvest 
would probably fall into the category o f "local changes", salamanders make foi a good 
bio-indicator. Szaro (Î988) stated that species whose populations reflect the effects o f 
management activities on biological communities and the environment must be 
considered in forest management plans. However, to do this properly the species in 
question should be investigated (Szaro, 1988).
Additionally, salamanders play an important role in forest food webs because 
they are both a major food source for various species o f fish, reptiles, birds, and small 
mammals higher in the food chain (Petranka et ai., 1993; Stebbins and Cohen, 1995) and 
they have the potential to be important predators. Diphasic salamanders can be important 
predators in tteshwatei and moist terrestrial environments due to their incredible 
abundance (Stebbins and Cohen, 1995). In fact, salamanders are the most common 
vertebrates in some forest communities (Pough et al., 1987). P. cinereus has been found 
in densities o f 7-10 breeding adults/m^ in the eastern U.S.(Gergits and Jaeger, 1990).
They can reach a total biomass o f 1,650 g/ha which is 2.6 times greater than bird biomass 
during peak breeding season and is roughly equal to the biomass o f small resident 
mammals (Burton and Likens, 1975). The Oregon ensatina has been observed in 
densities o f 240-280 individuals/ha (Stebbins, 1954). Lesser sirens {Siren intermedia) 
were observed to have a standing crop greater than the fish species present in the same
pond (Gehlbach and Kennedy, 1978). The small size o f salamanders enables them to 
access food resources that are typically not available to other vertebrates. Salamanders 
convert 40-80% o f their ingested prey into new biomass that is then more readily 
accessible to larger vertebrates (Pough et al., 1987).
An initial study in Northwestern Montana conducted by Naughton et al. (in prep.) 
compared the relative abundance o f  western long-toed salamanders {A. macrodactylum) 
in control plots o f unharvested Douglas-fir (CO), to those in stands where overstory 
removal (OR) and new forestry (NF) techniques were employed. No significant 
differences were found between OR and NF, but a precipitous decrease was detected 
between control plots and both OR and NF. The present study was an expansion o f the 
study by Naughton et al. latter to include both the terrestrial and aquatic life stages o f A. 
macrodactylum.
In this study, the impact that overstory removal and new forestry techniques had 
on the relative abundance and body size o f  A. macrodactylum  relative to intact, 
unharvested control sites was tested. The abundance and size ofW. macrodactylum  larvae 
in frshless, ephemeral ponds where the land immediately adjacent the ponds was 
completely harvested, remained intact, or had only a fraction of the pond edge harvested, 
were also examined. Two general hypotheses were tested in this study: 1.) there is no 
difference in A. macrodactylum  abundance across treatments and 2.) there is no 
difference in body size o f  A. macrodactylum  across treatments. Both hypotheses were 
tested while looking at both metamorphosed and larval salamanders. Furthermore, 
various conditions o f the terrestrial and aquatic habitats were measured to postulate
mechanisms for any observed trends or differences.
Materials and Methods
Study Area  - The study area includes 11 ponds located in the Swan River Valley in 
northwestern Montana. The region is dominated by Douglas-fir forest at an elevation o f 
approximately 1060m. Within the Swan Valley, study ponds are located on three sites: 
Gordon Ranch (GR), Bucksnort (BS), and Gravel Pit (north [GPN] and south [GPS]), in 
1992, timber was harvested on all 3 sites using "overstory removal" (OR) and "new 
forestry" (NF) techniques. OR in this area is generally prescribed as harvesting 250-500 
trees per hectare o f a minimum diameter-breast-height (DBH) depending on tree species. 
Ahematively, NF is similar to OR but 13-25 dominant trees per hectare are left as are all 
snags and hardwoods (Shepherd, 1994) (see appendix i). Salvage harvesting took place in 
1996 on each o f the four sites after heavy wind-storms. Additionally, a stand at each site 
remained unharvested to serve as a control (CO). After harvesting, the forest stands were 
allowed to regenerate naturally.
The study ponds are ephemeral and their existence through the summer is 
dependent on snowpack and seasonal rainfall. Because only one pond had a margin in 
contact with NF, OR and NF were combined into a new category defined as "harvested" 
stands (HAR) for the purposes o f comparing ponds. I felt that this reclassification of 
stand types was justified because there was no statistically significant difference (Scheffe
post hoc test p=0.803) in the relative abundance o f terrestrial populations o f 
macrodactylum  (Naughton et al., in prep.) on NF and OR. Study ponds that were 
bordered entirely by harvested stands were designated "harvested" and those entirely by 
controi stands w ere designated "unharvested". Ponds that were partly bordered by both 
harvested and control stands were regarded as "hybrid" ponds. Sampling points were 
designated along transects that were proportionally allocated among ponds. Sampling 
points, also referred to as pond points, were assigned based on standardized pond 
perimeter. Each pond was assigned 1.5 sampling points per unit o f standardized 
perimeter. The location o f each allocated point was determined by using the 
northem-most location on the pond as a starting point and rotating a randomly chosen 
distance in a clockwise fashion. The pond points were then equally spaced around the 
pond's edge starting at that point (Fig. I ). Pond points were marked with a wooden stake 
to ensure that the sampling location was consistent between sampling periods.
Designating pond points in this way restricted sampling efforts to about a 2m 
swathe o f the littoral zone around each pond. All study ponds were mapped during 
summer 1995 and their dimensions recorded (Table 2). Holomuzki (1986) demonstrated 
X\iBi Ambystoma tigrinum  larvae use the shallow littoral zones of ponds during the day. in 
ponds where predaceous beetles (family: Dytiscidae) were present, larvae were shown to 
avoid predation by residing in the shallows by day and moving into deeper waters at 
night when the beetles were more active. When predaceous beetles were absent, larvae 
remained in the littoral zone because food densities were higher there than elsewhere in 
the pond (Holomuzki, 1986). Additionally, Seale and Boraas (1974) stated that 90% of
Rana catesbeiana dind Ambystoma tigrinum  larvae resided in the shallow edges o f the 
pond rather than in the deeper center. Based on these studies, I felt that sampling just the 
shallow littoral zones o f the study ponds accurately reflected the larval A. macrodactylum  
populations o f the ponds.
The study area supported only one species of salamander, the long-toed 
salamander {A. macrodactylum\ and 2 species o f  anurans, the spotted frog {Rana 
pretiosd) and the western toad {Bufo boreas). This facilitated identification of amphibian 
larvae; external gills clearly signified A. macrodactylum  larvae and the small size [< 
20mm snout-vent iength(SV)] and black coloration o f & boreas tadpoles separated them 
from the larger, greenish larvae o f R. pretiosa  (Knopf, 1979).
Terrestrial Individuals - Terrestrial forms o f^ . macrodactylum  were continuously 
sampled with pitfall and drift fence arrays to determine relative abundance within the 
study sites. Airays had three separate drift fences 120“ apart with a #10 can buried flush 
with the ground servtng as a pitfall at the center and an additional pitfall on the end of 
each drift fence (Fig. 2). Drift fences were constructed o f plastic sheets roughly 5.0m 
long and 20cm tall and supported by wooden stakes. Holes were punched in the bottom 
of each can to avoid water accumulation and drowning o f captured individuals. Five such 
arrays were randomly placed on each o f the three treatment sites on each of the four 
study areas. Pitfall arrays were run from mid-May through September. Arrays were 
checked for captures at least once every week. To protect captured salamanders against 
dessication, pieces o f bark or wood were used to create shade over the pitfall itself. The
cover did not impede capture but still offered protection from exposure.
A drift fence was placed in conjunction with each and every pond sampling point 
(Table 2). Drift fences were placed 5.0m from pond margins but parallel with the margin. 
Pitfall traps were checked once a week after they were deployed to check for breeding A. 
macrodactylum  until mid-May and then for other salamanders that might have been 
present near the ponds after the breeding season.
Mature adult A. macrodactylum  that were migrating to the study ponds from 
nearby forest habitat to breed immediately following ice-off were collected using drift 
fences (Heyer et al., 1994) and pitfall traps. Pitfall traps were placed on each end on both 
sides o f the drift fence for a total o f  four pitfalls (Fig. 3). This placement of pitfalls on 
both sides of the drift fences allowed the direction o f travelling salamanders to be 
determined (i.e. towards or away from ponds). These same pitfall arrays were left open 
throughout the 1996 field season and in the fall o f that year they served to capture newly 
emergent metamorphs o f A. macrodactylum  dispersing from the study ponds
When individuals were captured, their weight, total length, snout-vent length, 
direction o f travel, and age class was recorded. Age classes were assigned to salamanders 
based on their dorsal stripe pattern. Through my observations of captive A. 
macrodactylum^ 1 noticed that there appeared to be a regular and predictable 
development o f the dorsal stripe in this species from metamorphosis onwards (Fig. 4). 
Firstly, in using the stripe as an indicator o f  age class, 1 regard the stripe as having two 
distinct segments. Segment I is the body stripe and segment II the tail stripe, with the 
vent being the division between the two (Fig. 4). The body stripe in newly transformed A,
macrodactylum  is yellow but it has a distinct black streak or split down the middle of the 
stripe. The ta il stripe o f  these individuals is a mottling o f yellow spots and flecks. This 
stripe pattern designated "split/mott", was used as the diagnostic for the first age class. In 
the individuals I observed, the split/mott patterning persisted from metamorphosis until 
the salamanders were approximately one to two months o f age. After this time, the split 
in the body stripe fills in and becomes solid. The tail stripe, however, is still mottled.
This is the second aged class that I designated "young adults", denoted as "so/mott". 
These individuals are between two months and two years o f age. As A. macrodactylum 
age, the tail stripe loses its mottled appearance and it too fills in. Salamanders in this 
third age class have both a solid body and tail stripe, denoted as "so/so". These are 
"mature adults" that are probably two years old and older. Examination o f the 95% 
confidence interval for mean body size for each o f these age classes support the validity 
o f using the stripe as an aging tool (Fig. 5). As expected, total length, snout/vent length, 
and weight each get progressively greater with each age class. The temporal division 
between young adults and mature adults is largely speculative at present. I have not yet 
observed a large enough number o f known age animals to clearly demonstrate the 
temporal separation between these groups.
In spring and late fall, when adult salamanders were in breeding condition, 
gender was also recorded. Gender can be determined in salamanders by differences in 
swelling around the cioacal vent. Males have much more swelling than do females; 
furthermore, the vent lining o f males has papillae or small villi (Fig. 6 ) (Oliver, 1955; 
Stebbins and Cohen, 1995). Salamanders were also toe-clipped to give them a mark
unique to each array within each study site (Fig. 7)(Heyer et al, 1994). A. macrodactylum  
that were captured in pond arrays were given a toe-clip that designated capture in a pond 
array but not in a specific one. However, I found through observation o f captive 
individuals that when animals were kept at room temperature with an abundant food 
supply toe-clips regenerated completely within 6-8 weeks. Therefore, the maik-recapture 
data were not used to estimate population sizes.
Larval Salamanders - A. macrodactylum  larvae were sampled using a dip net. One 
square meter was sampled at each pond point. Weight, total length, snout-vent length, 
and species were recorded for all amphibian larvae collected. Notes on the 
developmental stage o f the larvae were also taken Larvae were not marked because no 
satisfactory method could be found for marking small individuals. When freeze-branding 
and hot-branding techniques were tested to mark Xcnopus laevis tadpoles, none survived 
the marking process. Tattooing and fin-clipping the tails o f salamander larvae w ere not 
used because the likelihood of harming the larvae was too great (either through damaging 
muscle tissue or by secondary infections). In addition, many larvae were observed with 
naturally occurring tail fin damage that would be difficult to distinguish from 
experimental marks.
Macro-invertebrates were also collected simultaneously with the amphibian 
larvae. Specimens were counted and identified under a dissection microscope to family 
based on Merritt and Cummins (1984). Special note was made of invertebrates that may 
be potential predators upon amphibian larvae, e.g. dytiscid beetles (Stangel and
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Semlitsch, 1986) and large odonate larvae (pers. obs.)- The diversity o f invertebrate 
predators was also determmed with taxon richness (7 ,̂^^) applied at the familial level.
For consistency, ponds were sampled in the afternoon. Sampling systematically in 
the afternoon lo  eliminate potential "time o f day" effects because salamander larvae are 
known to experience diel vertical migration (Anderson and Graham, 1967, Holomuzki, 
1986, Stangel and Semlitsch, 1986). Ponds were sampled every two weeks from June 
through August for a total o f 6 sampling periods.
Zooplankton - Zooplankton are a major food source for young .4. macrodactyhnn larvae 
and small invertebrates comprise the diet o f older salamander larvae Sampling was 
performed with a 363pm plankton net with a 9.5cm radius mouth. The net was towed a 
fixed distance o f 5.0m, centered about the designated pond point yielding samples from 
approximately 142L o f pond water. Samples were placed in 70% alcohol and stored for 
later examination in the laboratory under a microscope. Each condensed zooplankton 
sample was brought up to 200ml from which five 1.0ml sub-samples were taken. Each 
sub-sample was taken randomly from the 200ml with a wide-mouthed automatic 
pippette. The length of the longest and shortest axis o f each zooplankter were measured 
to the nearest 0 .1mm, and individual zooplankton were catergorized as one o f the "food 
groups" for larval salamanders (ostracods, cladocerans, copepods, amphipods, isopods, 
and chironomids) (after McWilliams and Bachman 1989). Each pond point was sampled 
for zooplankton in late-June and late-JuIy.
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Abiotic Conditions - In addition, conditions o f both the terrestrial and aquatic 
environments were measured. Soil temperatures were measured to the nearest 0.5%], soil 
pH to the nearest 0.5, and soil compaction was measured with a 14" Lang penetrometer 
to the nearest 0.5 standard units. Each standard unit on the Lang penetrometer 
corresponds to 3.3319psi. Compaction measurements were taken during the odd 
numbered weeks from June 1, 1997 through August 31, 1997 for a total of seven sample 
periods. Two compaction readings were taken within 2m o f each terrestrial array. Soil 
temperature and pH were measured during the even numbered weeks during the same 
time period in 1997 at a single point within 2.0m of each terrestrial array
Pond water pH, dissolved oxygen content (DO), temperature, conductivity, 
alkalinity, and depth were measured at each sampling point after the extraction o f 
amphibian larvae and aquatic insects. Measurements o f pH levels to the nearest 0.1 were 
made; calibration o f the pH meter was performed regularly against buffer solutions o f pH 
4.0, 7.0, and 10.0. DO was measured to the nearest 0. Img/L. The DO meter was 
calibrated regularly and its readings checked against the Winkler method with azide 
modification (Lind, 1979) (appendix ii). Water temperature was also taken with the DO 
meter. Oxygen saturation was calculated based on the raw DO values and the 
temperature at the time o f measurement (Lind, 1979). Conductivity was measured to the 
nearest l.OpScm ’. Pond alkalinity was calculated by titration to the inflection points o f 
sodium carbonate with H2SO4 (Lind, 1979) (see appendix iii). Alkalinity samples were 
analyzed immediately after collection. Depth was measured with a meter stick 50cm 
from the shore. Alkalinity was measured once at each pond point in lale-July.
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Additionally, the amount o f light incident on the pond at each sampling point was 
measured with a light meter to the nearest 100 foot candles (ftc). The light readings give 
a crude estimate o f  the relative amount o f light energy available for photosynthesis as 
well as potentially damaging ultra-violet (UV) rays. UV may be an important habitat 
characteristic to consider since it can have detrimental impacts on amphibian eggs 
(Blaustein et al., 1994) and may act synergistically with pH (Long et al., 1995). Light 
intesity was measured at each pond point as it was sampled for A. macrodactylum  larvae
Aquatic Structure - The amount and type o f aquatic structure was quantified in both the 
vertical and horizontal plane using modified vegetation point counts. A rod 1 5m long 
with 10cm intervals clearly marked was used to score the number o f  "hits" o f aquatic 
structural characteristics. While the rod was held vertically, any structure contacting the 
rod constituted a hit for that type o f structure within that interval. Only one hit per 
structure type per interval was recorded Aquatic structure was classified as either 
emergent vegetation (EMER), submerged vegetation (SUB), dead vegetation (DEAD), 
flotsam (FLOT), or woody plant material (WOOD). DEAD refers to any dead and 
decaying plant matter that is not woody and is underwater. FLOT are any mats o f algae or 
debris floating on the pond surface WOOD includes all woody plant matter. The rod was 
pressed into the substrate to evaluate the depth o f loose organic mud on the bottom. The 
surface o f the water was also scored.
Such aquatic point estimates were performed once a month in June, July, and 
August at each pond point. Each pond point had four point estimates to assess the
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structural characteristics o f the area. Each side o f the pond point had one point estimate 
0.5m and 2.0m away from the sampling point and parallel to the shore.
Statistical Design and Analysis - The terrestrial study plots were arranged in a repeated 
measures analysis as a doubly nested model. The four sites (GR, BS, GPS, GPN) were 
the individual blocks that were repeatedly sampled (split) by year (1995, 1996) and then 
by season (spring, summer, fall). Spring was defined as May 4 - July 7, summer as July 8 
- August 17, and fall as August 18 - September 30. Seasons were delineated by when soil 
temperatures rose sharply (July 1-7) and fell sharply (August 10-17) in 1996 (Fig. 8 ). The 
two null hypotheses that were tested individually were: 1.) The relative abundance o f 
metamorphosed A. macrodactylum  is the same across treatments (OR, NF, CO, HAR, 
HYBRID, UNHAR) and 2.) A. macrodactylum  are the same size across treatments (OR, 
NF, CO, HAR, HYBRID, UNHAR). Relative abundance was the dependent variable and 
the random independent factors were year, season, and site. Treatment was the fixed 
independent factor. Relative abundance was in terms o f A. macrodactylum  caught per 
array night. The data were square-root transformed to correct for positively skewed 
distributions. Tukey's honestly significant difference (Tukey’s HSD) was used for post 
hoc tests o f pairwise comparisons. Homogeneity o f variance tests (Cochran's C and 
Bartlett-Box F) were met before analysis proceeded. The relative abundance o f 
salamanders was analyzed for each o f the three age classes individually and for the total, 
combined relative abundance.
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All six treatments were analyzed in the same GLM because I felt that even though 
HAR, HYBRID, and UNHAR could be considered subsets o f OR, NF, and CO, they were 
substantially different treatments because o f their close proximity to ponds. This attribute 
altered the nature o f the salamander habitat enough for them to be considered different 
treatments Preliminary analysis o f near-pond (HAR, HYBRID, UNHAR) and far-pond 
treatments (OR, NF, CO) individually yielded the same treatment effects as when they 
were combined but statistical comparisons between the two groups were awkward and 
assumptions o f homogeneous variance could not be satisfied. Direct comparisons of 
salamander abundance between the near-pond and far-pond treatments were considered 
impK)rtant and they were readily obtainable when all six treatments were included in a 
single GLM.
To test the second null hypothesis, a multivariate analysis o f  variance 
(MANOVA) was performed where total length, snout/vent length, and weight were the 
dependent variables and treatment was the only independent factor for the 1995-96 data. 
Salamanders were pooled across sites because preliminary analysis did not indicate any 
consistent trends in body size due to site-to-site differences. Tests for homogeneity o f 
variance were performed to ensure that assumptions o f equal variance were met prior to 
analysis. Each age class o f salamanders was tested against the null separately as well as 
the total population pooled across age classes for the 1996 data. Only the pooled 
population was tested from the 1995 data because age classes were not well defined until 
1996. Tukey's HSD was the post hoc test o f choice.
Similar to the terrestrial plots, the study ponds were analyzed in a repeated
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measures design. The pond treatments (HAR, HYBRID, UNHAR) were sampled 
repeatedly by year (1995, 1996) and by month (June, July, August) within year. Site was 
not included in the design even though ponds were haphazardly distributed across the 
four sites because preliminary analysis indicated that there were no site-to-site trends in 
larval abundance (F = 0.449, d f  = 3, p = 0.719). Further, inclusion o f the sites in design 
resulted in failure to satisfy the tests for homogeneity o f variance. The null hypotheses 
tested were: 1.) larval A. macrodactylum  are equal in abundance across treatments and 
2.) A. macrodactylum  larvae are the same size across treatments. Measures o f abundance 
and size were the dependent variables in their respective tests and month, year, and 
treatment were the independent factors. Larval abundance was square-root transformed 
to correct for positive skewness.
Conditions o f the terrestrial and aquatic habitats were also tested for treatment 
effects. For the aquatic habitats, macro-invertebrates, zooplankton, and structure were 
also included in the analysis o f the biotic conditions. The null hypothesis was that there 
was no difference in the values o f the selected parameters across treatments. Terrestrial 
conditions were tested in a repeated measures design. For soil pH and temperature, 
treatments were split by year (1995, 1996) and then by month (June, July, August) within 
year. Soil compaction was measured only in 1996 so it was only split by month. Pond 
treatments (HAR, HYBRID, UNHAR) were split into six bi-weekly intervals for analysis 
of DO, O2 saturation, specific conductivity, and light incident on the pond as was 
zooplankter abundance and Tp̂ d- Month was used to split treatment levels in the 
statistical design for analysis o f aquatic structure. Water pH and temperature were
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analyzed in a repeated measures design split by year (Î995, 1996) and by month (June, 
July, August) within year.
Additionally, stepwise linear regression techniques were used to determine if 
habitat conditions did actually correlate with A. macrodactylum  abundance and body 
size. Variables that were found to vary with treatment and those that did not were both 
tested for signigficant correlations with salamanders. The abundance o f larval 
salamanders was also regressed against the abundance o f each age class o f terrestrial 
individuals to explore how the aquatic and terrestrial phases were related.
Compliance with Guidelines fo r  Use o f  Am phibians - Recommendations set forth in the 
"Guidelines for Use o f Live Amphibians and Reptiles in Field Research" were followed 
in this study (Pisani et al., 1987). Only live-capture techniques were used to sample 
aquatic and terrestrial forms o f A. macrodactylum. Pitfall traps had shade provided to 
protect salamanders from dessication and had small holes in the cans to avoid drowning 
salamanders during rain events. During this study, no A. macrodactylum  larvae were lost 
and 16.9% (136/805) of the teirestrial A. macrodactylum  died in pitfall traps.
No chemical restraints or drugs were used at any time during this study.
Terrestrial salamanders were toe-clipped for identification purposes but only half o f  one 
toe was removed. My observations o f toe-clipped^, macrodactylum  indicated that this 
manner o f toe-clipping was not detrimental nor a permanment mark. These procedures 
were performed under permission from the Institutional Animal Care and Use
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Committee at the University o f Montana, Missoula, MT.
Results
Terrestrial Individuals
Relative Abundance - The relative abundance o f macrodactylum pooled across age 
class was significantly different among treatments (F = 7.604, d f = 5, p < 0.001 ; Table 3). 
There were at least four times the salamanders caught on CO than on any of the other 
five treatments (Table 4). Each age class o f A. macrodactylum  individually showed a 
treatment effect. The relative abundance o f mature adult salamanders (F = 2.552, d f = 5, 
p = 0.043; Table 5) and young adults (F = 2.657, d f = 5, p = 0.037; Table 6 ) were 
significantly different among treatments. Newly emergent individuals showed marginally 
significant differences among treatments (F = 2.442, d f = 5, p = 0.051; Table 7). CO 
plots consistently yielded the greatest numbers o f salamanders in each age class but the 
pattern o f abundance is less consistent in the other treatments. Mature adults and 
emergers were most abundant in the near pond treatments following CO (Table 4). This 
is not surprising because mature adults congregate there to breed and emergers are at 
their greatest densities there before they disperse fully. The young ad u lts . 
macrodactylum, however, do not show a readily discernable pattern.
H alf as many salamanders were caught during the summer as in spring, and fall 
had a seven-fold increase in captures over spring seasons. The seasonal trend is not due
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to the metamorphosis and emergence o f larval A. macrodcatylum because both young 
and mature adult salamanders exhibited a similar trend (Table 4). As expected, nearly all 
emergent salamanders were captured in the fall making the seasonal effect highly 
significant (F = 72.176, d f = 2, p < 0.001 ; Table 7). There was a treatment by season 
interaction that was signifcant for only the young adults (F = 2.904, d f = 10, p = 0.008; 
Table6). While the number o f total individuals caught in the fall increased, a 
disproportionately greater increase was observed on CO plots (Fig. 9). Total salamander 
abundance was significantly greater in 1995 than in 1996 (F = 59.100, d f  = 1, p < 0.001 ). 
The year by season interaction was also significant for the pooled salamander population 
(F = 3.992, d f = 2, p = 0.023; Table 3). In 1995, eveiy  ̂season had more captures/array 
night than its counterpart in 1996 but in the fall o f 1995, salamander captures increased 
disproportionately more than they did in the fall o f 1996.
Body Size  - In 1995, no significant differences were observed between salamander body 
size (snout-vent length, total length, and weight) and treatment (OR, NF, and CO) in A. 
macrodactylum  pooled across age classes (Table 8). However, a significant treatment 
effect on body size o f the pooled population was noted in 1996 for the pooled population. 
The salamanders on CO plots were generally the smallest and those on either NF or OR 
were the largest. HAR, HYBRID, and UNHAR had salamanders that were usually 
intermediate in size (Table 9). Analysis o f young adult body size (Table 10) and mature 
adult body size (Table 11 ) revealed no statistically significant treatment effects. A 
significant treatment effect on body size was observed in the youngest age class of
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emergent salamanders however (F = 2.986, d f = 12, p < 0.001; Table 12). All three body 
measurements were significantly different among treatments for the emergers. I f  only 
terrestrial treatments are considered, the newly transformed salamanders were smaller on 
the CO than on NF or OR plots, while HAR plots had the smallest individuals of the near 
pond treatments (Table 13).
Soil Conditions - Soil temperatures were significantly different among treatments (F = 
75.321, d f = 2, p < 0.001). Average temperatures for CO plots were consistently 3®C 
cooler than for NF and 4^C cooler than OR. The average soil temperature for OR sites 
was significantly warmer than for NF and CO sites (Table 14). There was also a strong 
time effect (F = 10.896, d f  = 5, p = 0.001 ) as the soil warmed then cooled over the 1996 
field season (Fig. 8). Soil compaction also varied significantly among treatments (F =
16.705, d f  = 2, p < 0.001 ) and over time (F = 6.567, d f = 6, p = 0.003). In the spring, NF 
and CO had comparable amounts o f moisture in the soil (as inferred from soil 
compaction) but during the summer NF dried and approached the dryer conditions o f the 
OR. The CO maintained a higher moisture level throughout the summer (Fig. 10). Soil 
pH levels, however, did not vary with treatment (F = 2.600, d f = 2, p = 0.123), but did 
vary with time (F = 104.989, d f = 5, p < 0.001). Soil pH rose in all three treatments as the 
field season progressed (Fig. 11 ).
Soil temperatures were negatively correlated with the abundance o f emergent 
salamanders (r = -0.347, p = 0.044), young adults (r = -0.427, p = 0.021 ), and the total 
population (r = -0.559, p ~ 0.005). Soil pH and compaction were not significantly
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correlated with A. macrodactylum  abundance. The average mass o f individuals within the 
pooled population was positively correlated with soil pH (r = 0.467, p = 0.014) and an 
even stronger correlation was found when temperature and compaction were also 
included in the regression model (r = 0.902, p < 0.001 ). Thus, there appears to be a weak 
synergism among pH, temperature, and compaction because the resulting model is more 
powerful than the sum o f the individual models. There was also a significant correlation 
of pH and temperature with the pooled population's average individual snout/vent length 
(r = 0.513, p = 0.039). The only age class that exhibited any correlations between body 
size and habitat conditions were the emergers. Emerger snout/vent length was 
significantly and positively correlated with temperature (r = 0.460, p = 0.022).
Aquatic Individuals
Relative Abundance - A. macrodactylum  larval abundance varied significantly among 
pond treatments (F = 4.449, d f = 2, p = 0.014; Table 15). HYBRID ponds yielded about 
four times the number o f larvae/effort than did HAR or UNHAR ponds which had veiy 
similar yields (Table 16). However, Tukey’s H SD post hoc test showed only one 
homogeneous subset. Salamander larvae were also about four times more abundant 
across all treatments in 1995 than they were in 1996 (Table 15). A. macrodactylum  larval 
abundance was positively correlated with the abundance o f newly emergent salamanders 
(r = 0.370, p = 0.047) but it was not correlated with the abundance o f young adults, 
mature adults, or the total terrestrial population's abundance.
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Body Size - There was no evidence for differences in iarval body size (snout/vent length, 
total length, weight) based on treatment effects (F = 0.480, d f = 6, p = 0.816; Table 17). 
Larvae were significantly larger in 1995 than in 1996. Larvae were heavier in 1995 but 
they were not significantly longer in total or snout/vent length (Table 16). Not 
surprisingly, larvae also showed a significant trend in body size through the summer as 
they grew larger from June through August.
Pond Conditions - Average water temperatures were significantly different among the 
three treatments (F = 9.221, d f=  2, p < 0.001 ). Surprisingly, HAR ponds were the coolest 
and HYBRID the warmest (Table 18). Specific conductivity (F = 14.903, d f = 2, p <
0.001 ) and the abundance o f zooplankton pooled across food categories (F = 5.075, d f = 
12, p = 0.029) are both significantly different among treatments. The conductivity o f 
HAR or HYBRID ponds was roughly half the levels recorded in UNHAR ponds (Table 
18). Ponds were more acidic in 1995 than in 1996 (F = 15.967, d f = 1, p < 0.001). Pond 
pH (F = 1.656, d f = 2, p = 0.198), DO (F = 2.960, d f = 2, p = 0.071), percent oxygen 
saturation (F = 2.631, d f = 2, p = 0.093) and the amount o f light incident on the pond (F = 
2.572, d f = 2, p = 0.092) did not vary significantly across pond treatments. Likewise, 
zooplankter abundance, predaceous arthropod abundance, or Tp^ did not vary across 
treatment individually (Table 19). Pond area (F = 0.395, d f = 2, p = 0.686), perimeter (F 
= 0.225, d f = 2, p = 0.803) and SLD (F = 0.399, d f = 2, p = 0.684) did not vary 
significantly among treatments. Additionally, aquatic structural elements (i.e. dead, 
emer, muck, depth) did not show any treatment effects.
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In 1995, pond pH and perimeter were the best predictors ofv4. macrodactylum  
abundance (r = 0.786, p = 0.010). Larvae were positively correlated with water pH and 
negatively with pond perimeter There were no statistically significant correlations o f 
pond conditions with larval body size. In 1996, taxon richness o f predaceous arthropods 
was the best predictor o f larval salamander abundance (r = -0.779, p = 0.002). Larval 
abundance was negatively associated with Larval abundance was also positively 
correlated with the abundance of emergent salamanders caught in the pond arrays (r = 
0.370, p = 0.047). There were no significant correlations with young adults, mature 
adults, or the pooled population. Body size also had significant correlations with 
conditions present in the pond. Snout/vent length was negatively correlated with the 
pond's SLD and positively with invertebrate predator abundance (r = 0.946, p = 0.003). 
Total length was negatively correlated with area (r = -0.796, p = 0.007), and weight was 
positively associated with light intensity (r = 0.642, p = 0.030). The number of 
invertebrate predators was correlated with temperature and zooplankton abundance (r = 
0.835, p = 0.001). Zooplankton were positively correlated with predator numbers (r = 
0.570, p = 0.007), and the richness o f those predators were directly correlated with pond 
area (r = 0.789, p = 0.010).
Discussion
Salamanders require relatively moist, cool microsites within habitats for survival
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(Spotila, 1972; Maiorana, 1978). Timber harvest reduces the availability and quality o f 
these necessary microsites (Heatwole, 1962, Geiger, 1971; Harris, 1984; Pough et al., 
1987; Dupuis et al., 1995). The higher observed soil temperatures and lower inferred soil 
moisture from compaction measurements on NF and OR sites suggests that there was a 
reduction in favorable habitat for salamanders. There was also less cover available for 
macrodactylum  to use as réfugia from the dessieating conditions (interpreted from 
Naughton et al., in prep ). Thus, the lower overall abundance ofX. macrodactylum  on OR 
and NF plots is probably due to poorer habitat qualit>’. The significant correlations found 
between salamander abundance and soil temperature supports this. It is interesting that 
NF and OR treatments were equally detrimental to the local salamander populations. 
While OR generally had poorer conditions (i.e. hotter, drier, less available cover) than 
NF, both sites lost about 75% o f their salamanders within 3 years after timber harvest. 
Hence, I believe that a threshold exists for A. macrodactylum  survival which was crossed 
with either intensity o f harvest.
The availability o f  suitable microsites also appears to influence the body size of 
A, macrodactylum  and the distribution o f newly emergent salamanders. Small 
salamanders have a greater chance o f mortality overall and a higher probability o f 
dessication than do larger individuals under the same conditions (Ray, 1958, Spotila, 
1972). Hence, it would be advantageous for salamanders in potentially dry, dessicating 
environments to be the largest size possible. This is exactly what was observed for^^. 
macrodactylum  on NF and OR sites (Fig. 12). Salamanders, on average, had a smaller 
body size on CO than on NF or OR but this was not true across all age classes. The older
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the age class the less pronounced the effect that treatment had on size.
Further evidence supporting the notion that emergent salamanders are the age 
class most impacted by timber harvest is gained from examination o f  the distribution of 
age classes among treatments (Fig. 13). The NF trend appears to be an artifact due to 
inadequate representation o f that treatment among pond edges. Since the source for 
emergers is a pond it is expected that fewer were captured on NF. OR and CO plots show 
a very similar trend in the proportion o f salamanders present through each age class when 
the number o f  emergers captured is arbitrarily used as the maximum or 100%. Emergers 
already exhibit reduced abundance that is characteristic o f harvested plots in this study. 
The proportion o f individuals captured in each age class was nearly equivalent between 
OR and CO suggesting that the strongest treatment effects had already occurred. Hence, 
the selection pressure from treatment effects on realtive abundance takes place prior to 
the detection o f the emergers.
While variation in soil temperature driven by treatment effects appear to have 
influenced >4. macrodactylum  abundance and body size, natural variation in soil pH also 
may have influenced body size. The average weight o f salamanders in the pooled 
population was lower on more acidic soils. It has been reported that size and growth rate 
reductions are sub-lethal consequences o f acidic conditions. Bradford et al. (1994) found 
that macrodactylum  larvae exhibit such sub-lethal effects at pH < 5.0. In addition, 
larvae o f Bufo woodhousii, Hyla andersonii (Freda and Dunson, 1986), and A. 
maculatum  (Ireland, 1991; Freest, 1993) all exhibited reduced growth rates in acidic 
conditions. The concentration o f water in the body decreases in salamanders under acidic
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conditions (Home and Dunson, ]994a) thereby decreasing mass and increasing the 
probability o f  dessication. Metamorphosed were found to actually
select substrates o f  more basic pH (Home and Dunson, 1994a). Thus, it appears that 
another factor comprising a suitable microsite foTÂ. macrodactylum  is neutral soil pH as 
well as cool, moist conditions.
When the macrodactylum  emerge and disperse from the brooding ponds, they 
must find suitable habitat or perish. Jn CO plots, there is presumably an ample number of 
microsites and cover to meet the demands o f the salamander population. But on NF and 
OR, the reduced number o f suitable sites means that some salamanders will be forced 
into sub-optimal or even lethal habitats. Larger salamanders have a much greater ability 
to acquire favorable microsites and retain them from smaller competitors (Southerland, 
1986; Mathis, 1990; Parmelee, 1993). Therefore, the limited number of cool, moist 
microsites with near neutral pH in NF and OR will be held by larger individuals. A. 
macrodactylum caught near ponds did not show a significant effect on body size. I would 
expect the risk o f dessication to be mitigated somewhat by the presence o f the pond but 
there is apparently still some competition for microsites. However, while a large 
salamander has a fitness advantage over its smaller counterparts on har\ ested plots, that 
same individual has greatly reduced survivorship compared to an equally-large 
salamander in undisturbed forest. Salamanders on harvested timber stands have only 20% 
survival (Petranka et al., 1993) compared to 75% survival for those on unharvested, 
intact stands.
The abundance of terrestrial A, macrodactylum  varies not only with treatment but
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with season as well. During the heat o f the summer (July-August), very few salamanders 
were captured. Those that were caught were mostly young adults which were probably 
displaced from cool, moist microsites by larger adults. Salamanders were much more 
active in the spring (May-June) when it was still relatively cool and wet. Mature and 
young adults were abundant near the ponds, where breeding activity occurred. 
Afterwards, adults left the vicinity o f the pond to seek out a suitable site to "over­
summer" until fall. The peak o f/t. macrodactylum  activity was in the fall in contrast to 
the statement made by Dupuis et al. (1995) that spring is the period o f peak activity. O f 
course, newly transformed individuals were plentiful only during this period, but both 
young and mature adults reached their peak abundance in the fall as well. Those 
emergent salamanders that were not caught in the fall were either early or late emergers. 
Those caught in the summer transformed early in late-summer, while the emergers that 
were caught in spring had over-wintered from the previous year and immediately 
estivated after metamorphosis. NF and OR behaved comparably throughout the seasons, 
but CO had a disproportionate increase in the number of salamanders in the fall (Fig. 9).
The abundance o f  potential breeding salamanders (i.e. young and mature adults) 
near a given pond should influence the abundance o f salamander larvae within that pond. 
Intuitively, a pond should have more larvae i f  more adults breed there or if  larval 
survivorship is higher in that pond. The number of young and mature adult salamanders 
present near a given pond did not significantly influence the number o f  larvae in that 
pond The number of larvae per adult salamander did not vary significantly among 
treatments. Hence, the number o f potential breeding individuals and larval numbers
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appear to be unrelated. The absence o f a trend between adults and larvae was therefore 
probably a consequence o f demographic stochasticity among individuals. However, the 
abundance o f  emergent macrodactylum was associated with larval numbers. Not
surprisingingly the more salamander larvae reared in a given pond the greater number o f 
salamanders it produced.
Larval A. macrodactylum  were most abundant in HYBRID ponds because o f a 
cascade o f associations culminating in trophic interactions with predaceous arthropods 
and with zooplankton. Salamander larvae may be responding to the abundance and 
distribution o f their prey base. In HYBRID ponds, A. macrodactylum  larvae exhibited 
their greatest abundance, while HAR and UNHAR had fewer larvae. The number of 
available zooplankters showed the opposite trend. HYBRID ponds had the least amount 
o f zooplankton, while HAR and UNHAR both had about 20% more. This finding 
supports the notion that salamander larvae can depress the abundance o f their prey base 
(Holomuzki, 1989; Holomuzki et al., 1994).
A. macrodactylum  larvae were also highly correlated with light levels through a 
bottom-up strategy. Phytoplankton biomass is greatest at the surface where light energy 
for photosynthesis is plentiful (Wetzel, 1983). The light incident on pond edges is 
restricted by the forest canopy adjacent to the pond. In ponds where the light levels are 
the highest, phytoplankton should also be the highest. Herbivorous zooplankton should 
then be more numerous in those same locations to take advantage o f the abundant 
phytoplankton, as should carnivorous zooplankton that are in turn preying on the 
herbivores. Larger predators (i.e. salamander larvae and macro-invertebrates) should
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therefore be more abundant in areas o f higher incident light becasue that is where their 
zooplankton food base is located in the greatest quantities.
The abundance o f  A. macrodactylum  larvae is further influenced by the diversity 
o f predaceous, aquatic insects. Salamander larvae were larger and more plentiful where 
the diversity o f predaceous arthropods was lower. There was no numerical compensation 
in invertebrate abundance as varied among ponds. Some aquatic invertebrates prey 
on salamander larvae (Stangel and Semlitsch, 1986; Holomuzki and Collins, 1987; 
Deutschman and Petranka, 1988) and a reduction in the variety of predators would be 
advantageous for the larvae. Less diversity of predators suggests that there may be less 
diversity in strategies that À. macrodactylum  larvae must cope with, and they can 
therefore devote more time to foraging rather than seeking refuge.
There would also be the benefit o f reduced invertebrate predation on salamander 
larvae. Competition between predatory invertebrates and salamander larvae would be 
reduced. Invertebrates at lower trophic levels (i.e. those that do not prey on salamander 
larvae) are competing with salamander larvae for the same zooplankter resource. It 
appears that it is the diversity o f invertebrate predators, and not their absolute number, 
that is important to salamander larvae. Both groups o f predators were apparently tracking 
their zooplankton prey, but only when was high were salamander larvae threatened 
by invertebrates. Reduction in the diversity o f invertebrate competitors may leave some 
niches unexploited and hence more prey available for/I. macrodactylum. Access to a 
larger food base and more time to exploit it would enable salamander larvae to attain 
greater body sizes through greater net gain o f energy.
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Reduction in Tp^d is a function o f species area relationships. Even though the 
invertebrate predators were identified only to the familial level, the principles behind 
species-area relationships should still hold true. In accordance with species area theory 
(Caswell and Cohen, 1993), larger ponds had greater diversity o f  invertebrate predators 
than smaller ponds (Fig. 14). Small, ephemeral ponds are less likely to be found, and 
therefore settled, by invertebrate predators and competitors because the chances of 
finding a pond are proportional to its size. Furthermore, small ponds probably dry sooner 
than larger ones so there is less opportunity for discovery o f that pond. Thus, it is 
reasonable that salamander larval size and abundance is inversely related to pond size in 
order to reduce predator and competitor diversity.
Pond pH may have limited the abundance o f salamander larvae in 1995. Although 
the average pH levels are higher than those reported to have lethal effects (i.e. pH < 5.0) 
(Freda and Dunson, 1986; Ireland, 1991 ; Sadinski and Dunson, 1992; Home and Dunson, 
1994b & 1995; Whitenaan et al., 1995) on amphibian larvae it is possible that this local 
population o f A. macrodactylum  may be highly sensitive to even slightly acidic 
conditions. Local populations ofv4. maculatum  have been reported to have variable 
tolerances to acidity (Clark, 1985). Alternatively, it may be that the slightly acidic 
conditions lead to decreased activity levels which made the salamander larvae more 
vulnerable to invertebrate predation (Berrill et al., 1993; Brodman, 1993; Kutka, 1994). 
However, the slight increase in average pH levels in 1996 appeared to have alleviated all 
significant pH effects.
Water temperature and specific conductivity were two variables that were
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statistically different among treatments yet had no direct influence on salamander larvae. 
HYBRID ponds were consistently warmest in 1995 and 1996, while HAR ponds were the 
coolest. This finding is counter-intuitive since UNHAR, with more canopy, should be 
coolest, and HAR with less canopy should be the warmest. The observed values o f light 
incident on the pond are in agreement with the expected, but not with the observed, water 
temperatures. The same amount o f  solar radiation will give equivalent water 
temperatures only if  the volume of water being heated is equivalent. Even though it was 
expected that salamander larvae should have had higher growth rates and be larger in 
warmer water there was no evidence o f such a trend. However, macro-invertebrates did 
respond to differences in water temperature since they were more numerous in warmer 
waters. Perhaps the 1.3^C difference between warmest and coolest ponds was too small 
to be recognized by A. macrodactylum  but not by the invertebrate fauna.
As the extent o f harvesting around ponds increased, the specific conductivity o f  
the water decreased. With fewer live trees near the pond, the amount o f  runoff likely 
increased since less water was being lost via évapotranspiration. According to Wetzel 
(1983), an increase in runoff tends to reduce the salinity o f the water thereby reducing 
the conductivity. A reduction in specific conductance is correlated with a reduction in the 
concentration o f major ions (e.g. Ca, Mg, Na, K, C 03, S04, and Cl) (Wetzel, 1983).
There is the potential that production in ponds that have had their margins harvested may 
be limited by the availability o f  those major ions.
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Conclusion
Timber harvest has an adverse impact on populations o f A. macrodactylum. The 
relative abundance o f terrestrial, metamorphosed forms in harvested stands was 25% of 
that in intact timber stands. Increased temperatures and less cover in those harvested 
stands reduced the number o f  cool, moist microsites th a t^ . macrodactylum need. The 
age class most profoundly affected by timber harvest was the newly transformed 
individuals. Much o f the harvest-related mortality occurred during a short period between 
metamorphosis and detection o f the emergers. Overstory removal and new forestry 
techniques were equally detrimental to salamander populations indicating that the latter 
is not an effective mitigation measure o f timber harvest for this species. Developing a 
harvest prescription that maintains soil moisture at higher levels and lower soil 
temperatures than current practices should support a healthier salamander population. 
Keeping more o f  the understory (i.e. forbs, shrubs, and young trees) intact by reducing 
the amount and degree o f physical disturbance on the forest floor should help achieve 
this by lessening dessicating conditions on and within the soil. However, reducing the 
overall number of trees harvested would probably be the best method to maintain 
suitable salamander habitat. Furthermore, harvest prescriptions should be assigned so 
that A. macrodactylum  breeding sites (i.e. ephemeral and permanent ponds) are not 
isolated by stands o f harvested timber that create a formidable barrier to salamander 
movement.
In addition, timber harvest selected for larger salamanders. Although they are less 
numerous, those salamanders that survived in harvested stands were larger than those in
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intact stands. Salamanders are better able to tolerate desiccating conditions and acquire 
favorable microsites from competitors when they are larger. A. macrodactylum  were also 
responding to natural variation in soil pH. Salamanders were generally smaller where the 
soils were more acidic. Even though salamanders were larger on average in harvested 
stands than in unharvested stands, it is important to remember that there were far fewer 
individuals in harvested stands. Reduction o f population sizes in harvested stands 
increase the risk o f local extinctions within those stands. Smaller populations are 
generally more vulnerable to environmental stochasticity that could result in local 
extinctions.
The aquatic larvae, however, did not show any trends clearly attributable to 
timber harvest, but they did show some interesting trophic interactions. A. 
macrodactylum were more numerous in smaller ponds where the diversity of aquatic 
insect predators and competitors was lower. Less variety in predators and competitors 
probably results in less diversity in the strategies salamander larvae had to adapt to. Thus, 
salamander larvae devoted more effort to foraging and were able to broaden their niche 
and, as a result, achieve larger sizes. A, macrodactylum  also may have been able to 
reduce the abundance of their zooplankton prey base. In addition, larvae were subject to 
chemical effects. In 1995, larvae were less abundant in more acidic ponds perhaps due to 
increased inactivity which raised vulnerability to predation or due to high sensitivity to 
acidic conditions in this local population.
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Table 1. Elasticity matrix for a generalized Ambystoma lifecycle. Elasticities sum to one and reflect how sensitive each life-history stage is to a proportional change 
in its transition probability (the higher the value the more sensitive the life-history stage). Metamorphs are salamander larvae that just transformed and emerged from 
the water. Sub-adults are those salamanders that did not attain suffiecient size to carry out a successful reproductive bout in their first year while other salamanders 
that can breed their first year are classified as adult-1. All other adult classes can breed annually and are assumed to do so.
egg larva metamorph sub-adult 
(1st year)
FROM:
adult-1 
(1st year)
adult-2 
(2nd year)
aduIt-3 
(3rd year)
adult-4 
(4th year)
adult-5+ 
(5th year+)
TO:VO
egg
larv-a
metamorph
sub-adult 
(1st year)
adult-1 
(1st year)
adult-2 
(2nd year)
adult-3 
(3rd year)
adult-4 
(4th year)
adult-5+
(5thyear+)
0
0.1697
0
0
0
0
0
0.1697
0
0
0
0
0
0.0709
0.0987
0.0709
0.0259
0
0
0
0
0.0728
0.0619
0
0
0
0
0.0818
0.0373
0
0
0
0
0.0445
0.0203
0
0
0
0
0.0241
0.0241
0
0
0
0
0.0268
Table 2. Pond Dimensions. Length of pond mai gins bordered by different stand type given in meters (m) and as proportions (%) (CO=controI, NF=new forestry, 
OR=overstoTy removal) Classification is the treatment category that describes the harvest regime around each pond (HAR=compietely han^ested, 
HYBRID-partially harvested, UNHAR=compietely intact and unharvested). Shore-line development (SLD) is a measure of the irregularity in pond shape and is 
found by dividing the total perimeter into the area. A value of 1.00 indicates a perfectly circular pond and the more irregular the shape the higher the SLD. Ponds 
were standardized by the perimeter value of the smallest pond (GR2) in order to allocate the number of sampling point proportional to size (Std. Per ) 1.5 sampling 
points were assigned per unit of standardized perimeter (rounding appropriately).
Pond Perimeter
Pond
I D /
CO
NF OR Classifi­
cation
Total Area SLD Std. Per. Pond
Points
(m) (%) (m) (%) (m) (%) (m) (m-) (#)
BSI 0 0 36'7 51 9 340 48.1 llAR 707 2901 3.70 7.68 12
BS.l 220 46.2 0 0 256 53.8 HYB1GI3 476 7080 1.60 5.17 8
BS4 115 53,5 0 0 100 46.5 HYBRID 215 1450 1.59 2.34 4
GPl 704 100.0 0 0 0 0 UNliyKR 704 5716 2,63 7.65 11
('.P2 52 45.2 0 0 63 54.8 HYBRID 115 721 1.21 1.25 2
GIM 172 100.0 0 0 0 0 HNHAR 172 1687 1.18 1.87 3
GP4 0 0 0 0 648 100.0 H.\R 648 5496 2.47 7.04 11
GIG 0 0 0 0 101 100.0 HAR 101 701 1.08 1.10 2
(ÎI42 0 0 0 0 92 100 0 HAR 92 454 1.22 1.00 2
( m 0 0 0 0 113 100 0 1L\R 113 848 1.09 1.23 2
GR4 0 0 0 0 213 49,7 HAR 429 1833 2,83 4.66 7
’*‘BS=Buck Snort, GP-Gravel Pit, GR=Gordon Ranch (BS2 was not sampled because it was not found until late in the field season.)
Table 3. Analysis of Variance o f Effects of Treatment, Season, and Year on Long-Toed Salamander
{Ambysioma macrodactylum) Abundances in 1995 and 1996. Statistical design was a repeated measures
analysis of variance as a doubly nested model with years nested in harvest type and season within years.
Test G roup Source o f V ariation Sum of Squares d f F P Power
Pooled Model 3.705 26 9.659 <0.001 1.000
Harvest Type 0561 5 7.604 <0.001 0.999
Year 0.872 1 59.100 <0.001 1.000
Harvest Type* Year 0.083 2 2.804 0.068 0.533
Season 1.278 2 43.320 <0.001 1.000
Harvest Type* Season 0.237 10 1.609 0.123 0.727
ear* Season 0.118 2 3.992 0.023 0.695
Harvest
Type* Y ear* Season
0.091 4 1.534 0.202 0.449
Error 0.974 66 - - -
Total 8.697 93 - - -
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Table 4. Long-Toed Salamander (Amhystonia macwdaclylwn) Abundance (individuals / array night) in the Swan Valley of Northwestern Montana. Values given 
are means with standard deviations and superscripts denoting homogeneous subsets within each age class.
T em strial Treatments Pond Treatments
Year Age Class CO
(n-12)
NF
(n=12)
OR
(n=12)
UNHAR
(n=6)
HYBRID
(n=6)
HAR
(n-9)
1995 pooled 0.384 + 0.565=' 0.090 + 0,131’’ 0,095 + 0.089” - - -
1996 pooled 0.074 + 0.152^ 0.012 + 0.016” 0.019 + 0.029” 0,036 + 0.043” 0.035 + 0.054” 0.021 +0.024”
emergers 0.029 +0.06 r 0.004 + 0.008" 0.009 + 0.015" 0.026 + 0.043" 0.022 + 0.043" 0.011+0.020"
young adults 0.009 +0.0 lœ 0.003 + 0.004"” 0.003+0.006"” 0.004 + 0.005"” 0.001 +0.001” 0.003 + 0.003"’”
mature adults 0.009+ 0.00T 0.004 + 0.007” 0.003 + 0.006” 0.004+0.003” 0.005+0.008” 0.005 ±0.006”6
Table 5. Analysis o f Variamce o f Effects of Harvest Type and Season on Mature Adult Long-Toed
Salamander {Ambystoma macrodaciylum) Abundances in 1996. Statistical design was a repeated measures
analysis of variance as a nested model with season nested in harvest ^pe.
Test G roup Source o f V ariation Sum of Squares d f F P Power
Mature Adults Model 0.077 17 2.664 0.006 0.974
Harvest Type 0.022 5 2.552 0.043 0.730
Season 0.025 2 7.213 0.002 0.915
Harvest Type*Season 0.024 10 .1.434 0.202 0.618
Error 0.066 39 - - -
Total 0.277 57 - - -
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Table 6. Analysis of Variance of Effects of Harvest Type and Season on Young Adult Long-Toed Salamander
{Ambystoma macrodactyium) Abundances in 1996. Statistical design was a repeated measures analysis of
variance as a nested model widi season nested in harvest ^ e .
Test Group Source of Variation Sum of Squares df F P Power
Young Adults Model 0.085 17 4.010 <0.001 0.999
Harvest Type 0.016 5 2.657 0.037 0.750
Season 0.022 2 9.068 0.001 0.965
Harvest Type*Season 0.036 10 2.904 0.008 0.938
Error 0.048 39 - - -
Total 0.230 57 - - -
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Table 7. Analysis of Variance o f Effects o f Harvest Type and Season on Newly Emergent Long-Toed
Salamander {Ambystoma macrodactyium) Abundances in 1996, Statistical design was a repeated measures
analysis o f variance as a nested model with season nested in harvest type.
Test G roup Source of Variation Sum of Squares d f F P Power
Emergers Model 0.516 17 10.056 <0.001 1.000
Harvest Type 0.037 5 2.442 0.051 0.708
Season 0.436 2 72.176 <0.001 1.000
Harvest Type*Season 0.054 10 1.803 0.093 0.741
Error 0.118 39 - - -
Total 0.886 57 - - -
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Table 8. Analysis of Variance o f Effects of Harvest Type on Pooled Long-Toed Salamander {Ambystoma
macrodactyium) Body Sizes in the Fall o f 1996.
Source of  
Variation
Dependent Variable Sum of Squares df F P Power
Model Snout/Vent Length 886.603 5 4.011 0.002 0.948
Total Length 3784.526 5 3.615 0.004 0.922
Weight 0.919 5 5.218 <0.001 0.987
Harvest Type Snout/Vent Length 886.603 5 4.011 0.002 0.948
Total Length 3784.526 5 3.615 0.004 0.922
Weight 0.919 5 5.218 <0.001 0.987
Error Snout/Vent Length 11361.541 257 - - -
Total Length 53814.698 257 - - -
Weight 9.057 257 - - -
Total Snout/Vent Length 335474.000 263 - - -
Total Length 1251240.000 263 - ' -
Weight 10.984 263 - - -
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1 able 9. Pooled Ambystoma macrodactyium Body Sizes. Pond treatments were established in 1996 so that information is absent from the 1995 data set. Information 
presented include the mean, standard deviation, and sample size. Superscripts on the means indicate homogeneous subsets based on Tukey's HSD within each 
measurement of each year.
Terrestiial Ti'eatments Pond Treatments
Year Measurement CO NF OR UNHAR HYBRID HAR
1995 snout/vent length 
(mm)
38.94 + 9.97“ 
(n " 205)
41,85 + 8.25“ 
(n = 55)
38.79 + 8.50“ 
(n = 53)
- - -
total length 
(mm)
73.49 + 19.30“ 
(n -2 0 5 )
80.27+ 15.64“ 
(n = 55)
74,64+ 14.49“ 
(n = 53)
- - -
weight
(g)
1.66+ 0.93' 
(n = 201)
1.84 + 0.86“ 
(n = 54)
1.57 + 0.97* 
(n = 51)
1996 snout/vent length 
(mm)
34.24 + 6.81“ 
(n ^  133)
38.93 +7.72"’ 
(n -2 9 )
37.64 + 6.50*"’ 
(n “  44)
36.19 + 6,61“"’ 
(n = 57)
38.38 + 8.44“"' 
(n -  42)
39.98 + 9.57"" 
(n =  109)
total length 
(mm)
66.52 + 13.80“ 
(n=  132)
74.62+17.61“ 
(n = 29)
73.18 ±13.39“ 
(n == 44)
72.71+ 15.98“ 
(n = 56)
77.45 + 23.00“ 
(n = 42)
76.08 + 21.99“ 
(n =  109)
weight
(8)
1.17 + 0.57“ 
(n=  132)
1.73 + 0.95^ 
(n = 27)
1,53 + 0.78“"’ 
(n = 44)
1.62 + 0.68'" 
(n = 45)
1.77 + 0.65''" 
(n = 24)
1.81+1.04“" 
(n = 94)
vj
Table 10. Analysis of Vîniance o f EflFects of Harvest Type on Young Adult Long-Toed Salamander
{Ambysioma macrodactyium^ Body Sizes in the Fall o f 1996.
Source of  
Variation
Dependent Variable Sum o f Squares df F P Power
Model Snout/Vent Length 413.050 4 2.261 0.089 0.580
Total Length 2048.861 4 3.179 0.029 0.748
Weight 0.356 4 3.155 0.030 0.745
Harvest Tvpe Snout/Vent Length 413.050 4 2.261 0.089 0.580
Total Length 2048.861 4 3.179 0.029 0.748
Weight 0.356 4 3.155 0 030 0.745
Error Snout/V ent Length 1232.950 27 - - -
Total Length 4350.014 27 - - -
Weight 0.762 27 - - -
Total Snout/Vent Length 43118.000 32 - - -
Total Length 159580.000 32 - - -
Weight 1.449 32 - - -
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Table 11. Analysis of Variance of Effects o f Harvest Type on Mature Adult Long-Toed Salamander
{Atnhystoma macrodactyium) Body Sizes in the Fall o f 1996.
Source of 
Variation
Dependent Variable Sum of Squares df F P Power
Model SnoutA^ent Length 52.546 4 0.283 0.887 0.102
Total Lengdi 261.251 4 0.252 0.906 0.096
Weight 0.131 4 1.692 0.182 0.446
Harvest Type Snout/Vent Length 52.546 4 0.283 0.887 0.102
Total Length 261.251 4 0.252 0.906 0.096
Weight 0.131 4 1.692 0.182 0.446
Error Snout/V ent Length 1208.229 26 - - -
Total Lengtli 6734.490 26 - - -
Weight 0.504 26 - - -
Total SnoutA^ent Length 70683.000 31 - - -
Total Length 283739.000 31 - - -
Weight 5.768 31 - - -
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Table 12. Analysis of Variance of Effects of Harvest Type on Newly Emergent Long-Toed Salamander
{Ambystoma macrodactyium) Body Sizes in the Fall of 1996.
Source o f  
Variation
Dependent Variable Sum of Squares df F P Power
Model Snout/Vent Length 259.473 5 3.063 0.011 0.862
Total Length 1982.945 5 5.057 <0.001 0.983
Weight 0.506 5 6.841 <0.001 0.998
Harvest Type Snout/Vent Length 259.473 5 3.063 0.011 0.862
Total Length 1982.945 5 5.057 <0.001 0.983
Weight 0.506 5 6.841 <0.001 0.998
Error Snout/Vent Length 2845.889 168 - - -
Total Length 13176.417 168 - - -
Weight 2.485 168 - - -
Total SnoutA^ent Length 189633.000 174 - - -
Total Length 689607.000 174 - - -
Weight 2.998 174 - - -
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Table 13. Age-Specificy4w/j>>5fwwa macrodactyium Body Sizes, Pond treatments were established in 1996 so that information is absent from the 1995 dataset. 
Information presented include the mean, standard deviation, ajid sample size. Superscripts on the means indicate homogeneous subsets based on Tukey's HSD 
within each measurement of each year.
T errestrial Treatm ents Pond Treatm ents
Age Class M easurem ent CO NF OR UNHAR HYBRID HAR
emergers snout/vent length 
(mm)
31.78 + 4.33" 
(11 = 73)
33.44 + 4.48" 
(n -5 5 )
35.30 + 3.60" 
(n = 23)
32.63 +3.64" 
(n = 32)
31.94 + 3.51" 
(n=  18)
32.10 + 4.53" 
(n = 51)
total length 
(mm)
60.69+ 8.18"-'’ 
(n -7 2 )
62.56+10.53"'’
( n - 9 )
69.04 + 7.79'’ 
(n = 23)
63.50 + 8.56'^'’ 
(n -3 2 )
59.06 + 9.91"'’ 
(n ^  18)
58.96 + 9.95" 
(n = 51)
weight
(g)
0.94 + 0.29" 
(n = 72)
1.01+0.23" 
(n = 8)
1.23 +0.33" 
(11 = 23)
1.21+0.31'’ 
(n = 21)
1.23 + 0.31'’ 
( n -  11)
0.95 + 0.26" 
(n = 43)
young adults snout/vent length 
(mm)
34.05 + 6.31" 
(n = 22)
35,71+5.41" 
(n = 7)
36.25 + 8.53" 
(n = 8)
40.10 + 7.37" 
(n = 10)
47.00 + 1.00" 
(n = 3)
45.30 + 7.50" 
(n = 20)
total length 
(mm)
66.18 + 11.70" 
(n = 22)
67.00+ 16.66" 
(n = 7)
68.25 + 16.03" 
(n = 8)
82 30 + 16.43" 
(n = 10)
101.33 ± 2  52" 
(n = 3)
85.60 + 22.41" 
(n = 20)
weight
(g)
1.11+0.44' 
(n = 22)
1.26 + 0.59" 
(n = 7)
1.60+1.13"'’ 
(n = 8)
1.73 +0.73" 
(n = 10)
2.50"
( n = l )
2.23 + 0.69" 
(n=  17)
young adults snout/vent length 
(mm)
43.14 + 8.02" 
(n = 22)
48.33 +4.06" 
(n = 9)
46.43 + 5.41" 
(11 = 7)
44,44 + 3.88" 
(n = 9)
46.06 + 3.05" 
(n=  17)
48.83 + 5.86" 
(n = 30)
total length 
(mm)
87.32+13.54" 
(n = 22)
95.00 + 7.02" 
(n = 9)
93.00+ 14.19" 
(n = 7)
95.11 +9.39" 
(n = 9)
98.82 + 9.83" 
( n -  17)
97.10+ 13.36" 
(n = 30)
weight
(g)
2.08 + 0.60" 
(n = 22)
2.81+0.67" 
(n = 9)
2.37 + 0.80" 
(n = 7)
2.52 + 0.41" 
(n = 9)
2.32 + 0.34" 
(n=  11)
2.81 +0.95" 
(n = 28)
Table 14. Average Soil Conditions o f the Swan Valley, Montana Study Sites from May through September, 
1996. Homogeneous subsets within each soil parameter are indicated by the superscripts provided.
Soil
Parameter
Harvest Type Sample Size 
(n)
Mean + Standard 
Deviation
pH CO 120 6 3 + 0 .5 “
NF 115 6.3 + 0 6 “
OR 115 6 .2 + 0 .6“
Temperature CO 110 13.5+2.6“
(oC) NF 114 16.8 ± 2 .6 '’
OR 115 17.5 ± 1.7'
Compaction CO 250 26.88 + 10.72“
(psi) NF 242 29.93 + 10.72“
OR 242 32.16+ 10.58''
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Table 15. Analysis of Variance o f Effects o f Harvest Type and Season on Larval Long-Toed Salamander
{Ambystoma macrodactyium) Abundance. Statistical design was a repeated measures analysis o f variance as
a doubly nested model widi years nested in harvest type and month within years
Test G roup Source o f Variation Sum of Squares d f F P Power
Larvae Model 3.728 9 2.187 0.030 0.862
Harvest Type 1.685 2 4.449 0.014 0.751
Year 0.834 1 4.402 0.039 0.546
Month(Year) 1.086 4 1.434 0.229 0.429
Harvest Type*Year 0.835 2 2.204 0.116 0.439
Error 16.858 89 - - -
Total 28.237 99 - - -
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Table 16. Larval Ambystoma macrodactyium  Abundance and Body Size, Larval abundance is given in terms 
of the number o f larvae captured per sampling point. Information presented include the mean, standard 
deviation, and sample size Superscripts on the means indicate homogeneous subsets based on Tukey's HSD 
within each variable o f each year.
Pond Treatment
Year Variable UNHAR HYBRID HAR
1995 abundance 
(larvae /  sample)
0.21 ±0.23" 
(n = 6)
1.21 ± 1.42" 
(n = 9)
0.15 ±0.22" 
(n = 18)
snout/vent length 
(nun)
22.09 + 2.24" 
(n = 2 )
20.76 ±3.01" 
(n = 5)
29.10 ±3.89^ 
(n = 6 )
total length 
(mm)
42.83 ±7.49" 
(n = 3)
39.34 ±4.19" 
(n = 5)
53.8 9±  13.13" 
(n = 6)
weight
(g)
2.00 ± 0 .00" 
(n =■ 2)
1.59 ±0.83" 
(n = 2) (n = 0)
1996 abundance 
(larvae / sample)
0.12 ± 0 .21" 
(n = 12)
0.28 ±0.54" 
(n = 18)
0.19 ±0.45" 
(n = 36)
snout/vent length 
(mm)
17.23 ± 3 .7 8 “ 
(n = 5)
21.00±4.5I" 
(n = 6)
23.76 ±7.53" 
(n = 7)
total length 
(mm)
32.13 ±9.62" 
(n = 5)
38.75 ±  10.59" 
(n = 6)
44.67 ± 18.98" 
(n = 7)
weight
(g)
0.34 ±0.14" 
(n = 5)
0.66 ±0.35" 
(n = 6 )
1.00 ±0.63* 
(n = 7)
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Table 17. Analysis of Variance o f Effects o f Harvest Type on Larval Long-Toed Salamander {Ambystoma
macrodactyium') Body Sizes. Statistical design was a repeated measures analysis o f variance as a doubly
nested model with yeare nested in harvest type and month within years.
Source of 
Variation
Dependent Variable Sum of 
Squares
df F P Power
Model SnoutA^ent Length 512.992 6 8.737 <0.001 0.997
Total Length 2520.063 6 5.351 0.005 0.949
Weight 5.490 6 5.329 0.005 0.948
Harvest Type SnoutA/^ent Length 10.199 2 0.521 0.605 0.119
Total Length 34.416 2 0.219 0.806 0.078
Weight 0.210 2 0.611 0.557 0.132
Year Snout A" ent Length 3.621 1 0.370 0.553 0.088
Total Length 11.516 1 0.147 0.707 0.065
Weight 2.477 1 14.422 0.002 0.941
Month(Year) SnoutAent Length 363.953 2 18.596 <0.001 0.999
Total Length 1994.443 2 12.704 0.001 0.986
Weight 1.400 2 4.075 0.040 0.624
Harvest Type*Year SnoutAent Length 25.776 1 2.634 0.127 0.327
Total Length 71.029 1 0.905 0.358 0.144
Weight 0.176 1 1.027 0.328 0.157
Error SnoutAent Length 137.003 14 - - -
Total Length 1098.911 14 - - -
Weight 2.404 14 - - -
Total SnoutAent Length 9792.517 21 - - -
Total Length 35734.150 21 - - -
Weight 23.067 21 - - -
55
Table 18. Summary of Abiotic Pond Conditions. Information presented include the mean, standard deviation, 
and sample size. Superscripts on the means indicate homogeneous subsets based on Tukey's HSD within each 
variable o f each year
Pond Treatment
Year Variable UNHAR HYBRID HAR
1995 pH 6.89" 
(n =  1)
7.01 +0.62" 
(n = 3)
6.71 ±0.26" 
(n = 7)
water temperature
r c )
21 .0 2 + 1.62^^ 
(n =  5)
24.29+ 1.52" 
(n=  5)
19.10 ±2.86*’ 
(n =  15)
1996 pH 7.75+0.14" 
(n = 12)
7.62+0.35" 
( n -  18)
7.28 ±0.47" 
(n = 36)
water temperature 
(°C)
20.48+ 3.08"^' 
(n = 12)
20.80 + 3.07" 
(n = 18)
19,46 ±2.77^ 
(n = 36)
alkalinity
(mgCaC03)
241 00+4.24" 
(n = 2)
153.23 ±111.23" 
(n = 3)
100.46 ±45.46“ 
(n = 6)
conductivity
(umhos)
0.45 + 0.02" 
(n =  12)
0 .30+  0.17*' 
(n = 18)
0.22 ±0.09*’ 
(n = 36)
dissolved oxygen 
(ppm)
5.78 + 1.32" 
(n = 6)
6.40 ±  1.26" 
(n =  11)
5.28 ± 1.14" 
(n = 23)
oxygen saturation 
(%)
71.83 + 17.00" 
(n = 6)
80.05 + 13.60" 
(n =  11)
66.83 ± 15.91" 
(n = 22)
light intensity 
(ftc)
2448.44 + 1002.45" 
(n = 8)
4168.75 ±2372,44" 
(n = 12)
4500.65 ±2283.99" 
(n = 30)
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Table 19. Summary of Biotic Pond Conditions. Information presented include the mean, standard deviation, 
and sample size. Superscripts on the means indicate homogeneous subsets based on Tukey’s HSD withm each 
variable of each year.
Pond Treatment
Variable UINHAR HYBRID HAR
zooplankton abundance 
(individuals / lOOL)
18.91 + 14.01“ 
(n = 2)
14.20 + 6.82“ 
(n = 3)
17.82+ 13.34“ 
(n = 6 )
predator abundance 
(individuals /  m’)
3 .5 7 ± 0 .0 r  
(n = 2 )
3.94 + 2.62“ 
(n = 3)
3.57 + 2.39" 
(n = 6)
T* predators 10.50 + 0.71“ 
(n = 2 )
9.00 + 2.00'* 
(n = 3)
8.33 + 1.75“ 
(n = 6 )
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Figure 1. Example Designation o f Sampling Points. Using the northern-most point o f the pond as die starting 
point, a pond point is placed by rotating a randomly selected distance in a clockwise fashion. The randomly 
selected distance is between 0 and the total pond penmeter. All sampling points can be no closer than 20m. 
With this example, two points are designated since standardized perimeter (std. per.) = 1.00 and 1.5 points 
are allocated per unit of std. per. (rounding appropriately). Tlie distance for these pone points were 9m and 
79m,
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Figuiie 2. Schematic of Pitfall Array. Five pitfall arrays were located randomly on each o f the three treatments 
across the four replicates.
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Figure 3 . Schem atic o f D rift-Fence Pitfalls. D rift-fence p itfalls w ere used to capture breeding adults and dispe sing juveniles as they travelled to and from  th  study ponds.
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Figure 4. Age-Class Determination by Stripe Pattern. Examples o f the developing stipe pattern in Ambystoma 
macrodactyium  used for sorting individuals into age classes. Pictures presented are an emerger with the split- 
mottled pattern (a), a young adult with the solid-mottled pattern (b), and a mature adult with the soUd-solid 
pattern (c).
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Figure S, Ambystoma macrodactyium  Body Size by Age Class. Errorbars are the 95% confidence intervals 
around the mean for snout/vent length (a), total length (b). and weight (c) for each age class. The older the 
age class the greater the body size, indicating that categorizing salamandere by stripe into classes was 
valid.
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Figure 6 . Gender Differentiation in Salamanders. Males have more swollen cloacal openings than females 
and also have numerous villi present (from Stebbins and Cohen, 1995)
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Figure 7. Toe-Clipping Key for Ambystoma macrodactyium. Salamanders captured in pitfall arrays had one 
toe clipped to the middle joint. This mark provided for identification of recaptured^, macrodactyium  within 
each of the four study sites. Individuals caught in breeding/dispersing pitfalls had an additional toe clipped.
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Figure 8 . Time Series of Soil Temperature. Errorbars are 95% confidence intervals around the mean weekly 
soil temperature (‘’C). CO was consistently the coolest treatment w ^le OR was consistently the hottest All 
three treatments exhibited a similar trend over the course o f the field season.
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Figure 9. Time Series oîAm hysiom a macrodactyium  (AMMA) Abundance. Errorbars are 95% confidence 
intervals around the mean number o f salamanders captured per array night in each season. All treatments 
showed an increase in salamander captures but the increase on control sites was disproportionately large.
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Figure 10. Time Series o f Soil Compaction. Errorbars are 95%  confidence intervals around the mean weekly 
soil compaction (psi). Using compaction readings as surrogates for moisture levels, CO is the wettest 
throughout the season while O R is the driest. In early summer, NF is similar to the CO but as the summer 
continued, NF dried out so that it was more similar to OR.
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Figure II . Time Series of Soil pH. Errorbars are 95% confidence intervals around the mean weekly soil pH 
There were no significant differences among treatments in soil pH but pH levels did tend to increase over the 
season.
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Figure 12. Ambystoma macrodactyium  Body Size by Age Class and Treatment. Errorbars are the 95% 
confidence intervals around the mean for snout/vent length (a), total length (b), and weight (c) for each age 
class. Emergent salamanders show a strong difference in body sizes between OR and CO. Salamanders were 
generally larger on harvested plots.
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Figure 13. Abundance oîAm bystom a macrodactyium  (AMMA) by Age Class and Treatment. Values within 
bars are actual numbers of salamanders caught. Proportions on top of the bars are standardized to the number 
of emergers caught within each respective treatment. These values are readily comparable between treatments 
because OR, NF, and CO had equal sampling effort. The reduction in salamander populations due to timber 
harvest apparently occurred before the detection of emergers since losses from one age class to the next are 
equivalent in OR and CO. The trend in NF may be a sampling artifact. For further discussion, refer to text.
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Figure 14. Diversity-Area Relationship of Predaceous, Aquatic Insects. Taxon richness is measured as the 
number of predaceous insect families that were present in each study pond. As with species-area 
relationships, diversity increased with increasing pond area.
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appendix i
Timber Harvest Prescriptions. The following timber harvest prescriptions were applied to each study site as 
outlined by Plum Creek Timber Company (from Shepherd, 1994).
Overstory Removal Prescription:
• leave marked lodgepole pine stands intact
• harvest approximately 250-300 trees per hectare
• harvest lodgepole pine, subalpine fir, and grand fir when greater than 18-20cm DBH
• tree tops and limbs to landings with trees to lop and bum, or scatter in unit if broken off during 
falling and skidding
• no broadcast burning in units
New Forestry Prescription:
• same as overstory removal but leave 13-25 dominant trees per hectare as marked (use co-dominant if 
necessary)
• retain all snags and hardwoods
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appendix ü
Dissolved Oxygen Determination* of Pond Water
Reagents
manganese sulfate solution (MnSO^) 
alkali-iodine-azide reagent 
starch solution
concentrated sulfuric acid (H^SOJ
0.012 5 .  sodium thiosulfate titrant (Na^S^O^)
Procedure
In the field:
1. collect 300ml o f pond water, avoiding trapped bubbles
2 . record water temperature
3. add 2ml MnSO^
4. add 2ml alkaline-iodide-azide reagent
5. mix solution by inverting bottle 10-20times, allow floe to settle, repeat once
6 . when at least 1/3 bottle has settled, add 2ml concentrated H^SO^
7. seal sample and take to lab
In the laboratory:
1. mix solution by inversion and pour 100ml o f sample into 250ml Erlenmeyer flask
2. titrate with 0.0125N Na^S^O^ until solution turns pale yellow
3. add 1ml starch solution, solution should turn blue
4. continue titrating with 0.0125N Na^S203 until first disappearance of blue color, record volume used (if 
done right, the blue should reappear in l-2min)
Calculations
Dissolved Oxygen (mg DO/L) = (ml of 0.0125N thiosulfate titrant)(10)
% Saturation =_________ mg DO/L calculated______
mg DO/L at recorded temperature from Table A
* from Lind ( 1979)
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appendix in
Determination o f Total Alkalinity* of Pond Water 
Reagents
carbon dioxide-free water 
phenolphthaJein indicator
0.02N sulfuric acid
bromcresol green-methyl red indicator solution
Procedure
In  the field:
1, collect 250ml of pond water avoiding trapped bubbles
2 . seal sample and take to lab
In the laboratory:
1. pour 100ml o f sample into 250ml Erlenmeyer flask
2. add 4 drops o f phenolphthalein indicator
3. if solution turns pink, titrate with 0.02N H2SO4 until color disappears, record volume used
4. if solution does not turn pink or after the titration, add 2 drops of bromcresol green-methyl red indicator
5. solution should turn blue, titrate until solution turns clear pink, record volume used
Calculation
total alkalinity (mg CaC03/L) = itotal vol. titratedKnormalitv of acidV50.0001
ml sample
* from Lind (1979)
74
